The following article examines the influence of glass-crystalline bond in grinding wheels with grains made from microcrystalline aluminum oxide, and specifically its effect upon the values of selected operational indicators in the process of traverse internal cylindrical grinding of surfaces made from Inconel® alloy 600. The experimental test results obtained showed that changes in the bond phase composition, including its microstructure and volume share in the grinding wheel, has significant influence upon the workpiece surface roughness, grinding power, and other basic phenomena within the grinding zone. It was proven that the heat and physicalmechanical properties of the bonds have considerable influence on the mechanism of the grinding wheel components (abrasive grains and bond bridges) wear mechanisms. The phenomena occurring in the area of contact between the grinding wheel active surface and the workpiece surface requires on, among other things, the temperature at which the bond softens, initial bond hardness, the critical coefficient of grain strain intensity K Ic , the crystalline phases generated, and the volumetric share of the amorphous and crystalline phases in the bridges binding the abrasive grains. 
Introduction
Stop Inconel® alloy 600 belongs to the family of austenite nickel-chromium alloys that are usually used for working at high temperatures. These alloys belong to the group of heatproof and creep-resistant alloys. Used at high temperatures, Inconel® creates a protective layer that preserves the surface in places where iron or aluminum undergoes creep. Thanks to these properties, the described alloy demonstrates a high resistance to cracking and is characterized by excellent weld ability. However, what remains problematic is its performance in chip machining, especially abrasive handling, using standard tools. Grinding nickel alloys takes place in conditions similar to the applied machining parameters of steel (due to the similarity of their mechanical properties to austenite stainless steels). In order to obtain better efficiency and avoid overheating the surface and thus damaging it, grinding should be carried out in wet conditions. The whole workpiece surface should be continuously cooled by grinding fluid. The use of emulsion is recommended (a solution of water with soluble oil) for grinding nickel alloys, that would be suitable for all grinding operations apart from profile and thread grinding [1] .
Due to their properties, grinding defects are often created on the surface of nickel alloys, including burns, plastic deformations, or the creation of a white coating even when low material removal rates are applied [2] [3] [4] [5] [6] [7] [8] [9] . This results from the low heat conductivity of such materials, which causes considerable temperature increase in the grinding zone. The high machining temperature also exerts negative influence on the operational resistance of the machined surface and fatigue properties of the workpiece [10] [11] [12] [13] .
The greatest problem experienced during the processes of grinding nickel-based alloys is their tendency to smear the grinding wheel active surface (GWAS) with the machined material chips [14] . This problem results from the most important properties of nickel-based alloys that are characterized by high durability, corrosive resistance, and fatigue endurance, as well as low heat conductivity and high malleability [15, 16] . Creation of smears on the GWAS has considerable influence on the conditions in the grinding zone, which results in an increase of the grinding power, force, and temperature, shortening the grinding wheel life and leading to the deterioration of the machined surface quality [2] . As a result, low grinding G-ratio values are obtained, which lead to unfavorably strong negative stresses and a lowering in the dimensionshape precision of the machine surface due to the instability of the grinding process [3] .
The high demand for nickel-based alloys in chip machining contributes to the increasing need for rapid development in the area of machining tools, including grinding wheels for a variety of grinding processes. The subject literature includes numerous publications concerning the operations of grinding nickel-based alloys using grinding wheels with Al 2 O 3 grains (white fused alumina 99A [2, 9, [17] [18] [19] [20] [21] , microcrystalline sintered corundum [18, [22] [23] [24] ), SiC [9, 17] , cubic boron nitride cBN [2, 9, 14, 17, 18, [25] [26] [27] [28] [29] [30] [31] , and diamond grains [2, 25, 26, 28, 29] . When analyzing bonds used in grinding wheels meant for grinding nickel-based alloys, it may be observed that resin bonds are characterized by too low a profile stability [29] . What is recommended for processes of profile grinding with profile grinding wheels is the use of galvanic grinding wheels with cBN or diamond grains [26, [28] [29] [30] . The cBN grains are characterized in most cases by more favorable grinding results and a longer durability period [26, 29] . In flat or internal cylindrical grinding processes, in which there are no such high expectations concerning the grinding wheel profile durability, grinding wheels with ceramic bond are used most often [2, 9, 10, 14, [17] [18] [19] [20] [21] [22] [23] [24] 31] .
In terms of the last group of bonds, there has been considerable progress in recent years [32] [33] [34] [35] . Such features of ceramic bond as considerable hardness and brittleness, as compared to other types of bond, guarantee ease of grinding wheel profile shaping, as well as a dress feed directly into the wheel's working zone. Ceramic bonds also enable the creation of tools with significant porosity. All of these advantages mean that ceramic bonds are used in almost half of the grinding wheels with conventional abrasives that are produced at present; they are also more and more often used with micro-and nanocrystalline grains [36, 37] . As a result of the microand nanocrystalline grain structure, it is particularly important in the process of designing glass-crystalline bonds to precisely set the temperature threshold for heat processing.
This makes it impossible for the abrasive grains to recrystallize, while retaining the possibility of obtaining the desired glass-crystalline bond microstructure. Glass-crystalline bonds have polymicrocrystalline structure and contain a so-called glassy residual, i.e., the residual glass phase. It is obtained from glass, which, as a result of phase transformations that take place during controlled heat processing, is changed into small-grained polycrystalline material with the required properties [38, 39] . The application of glasscrystalline bonds with a different microstructure and level of crystallinity allows for, among other things, a limitation in the propagation of cracks in the bond, as well as controlling the process of bond bridges wear during grinding wheel operation [40] .
This article presents the results of tests conducted on the use of such bonds in abrasive tools made from aluminum oxide and meant for the grinding of nickel-based alloys. This determines the influence of volumetric share and the microstructure of the developed glass-crystalline bonds on selected grinding wheel operational properties, especially on the machined surface roughness and power requirements in the process of traverse internal cylindrical grinding of Inconel® alloy 600.
Characteristics and properties of the glass-crystalline bonds used
Two kinds of glass-crystalline bond in the system Al 2 O 3 -B 2 O 3 -MgO-ZnO-CaO-SiO 2 were developed. Bond A was designed so as to generate the main crystalline phase with a strong hardness (gahnite); in bond B, willemite was the expected phase and possessed a weaker hardness. In order to determine the phase composition of the bonds acquired, an analysis was performed using an X-ray diffractometer, Siemens D 5000, with CuK radiation (count time 5 s, sample rotation 1 min
, measurement range 10-60 s). Measurement of the crack length was performed using the Vickers Hardness Tester FV-700 by Future-Tech Corp., Japan. The load range was 3-30 kg (3-300 N) and the measurement time was 10 s (range 1-99 s), while the electronic imprint diagonal measurement was performed with 0.1 μm precision.
Tests of the wettability of the abrasive grains from microcrystalline sintered corundum were carried out using a high-temperature microscope by Ernst Leitz Wetzlar GmbH (Germany), in the temperature range 20-1000°C. Changes in the bond sample contours were in the temperature range of 600 to 1000°C and are presented in Fig. 1 . The bond Table 1 . Selected coefficients of thermal expansion α of bonds were determined from the following redundancy [47, 48] :
where α i Proportionality factor p i The weight fraction of the corresponding oxide n The total number of constituent oxides in the glass
Observations of the microstructure of the heat-processed materials were made using an electron scanning microscope JEOL JSM-5500LV (Japan). Before observation, the samples were split and slightly etched in a 10 % HF solution.
Experimental tests 3.1 Methodology of experimental tests
The grinding wheels were examined during the traverse internal cylindrical grinding process, in which the whole machining allowance is removed in a single pass of the abrasive tool [49] [50] [51] [52] . The experimental tests were carried out on a post equipped with a universal grinding machine RUP 28P produced by Mechanical Works Tarnow SA (Poland). The grinding process was carried out with a material removal rate Q w =5.97-8.96 mm 3 /s. Three repetitions were made in each of the projected stages of the experiment. The spindle power on no-load running mode and the maximum power in the given working pass were registered during the tests. The grinding power gain value ΔP was then registered on the basis of these values. The roughness parameters of workpiece surfaces that were already ground were determined using a stylus profilometer Hommel-Tester T8000 by Hommelwerke GmbH (Germany). Table 2 presents the condition within which the experimental tests were conducted.
Grinding wheels
Six grinding wheels, of type 1, were made from microcrystalline sintered corundum SG™ number 46, sized 35×20×10 mm and marked alphanumerically, three for each type of glasscrystalline bonds A and B. The particular grinding wheels, made using only one kind of bond, had a different volume of the bond within the range V b =11.5-14.5 %. the characteristics of six types of grinding wheel, each one used in the experimental tests.
A conic chamfer with a width b=16 mm and an angle χ =0.36-0.54°was shaped upon the grinding wheels' active surfaces and then adjusted to the amount of the machining allowance removed in a single pass, which ranged from a e =0.10 to 0.15 mm. In order to make quick and precise shaping of the conic chamfer with specific GWAS geometric parameters pos-sible, it was necessary to apply a special automated tool for dressing (Fig. 4) [53, 54] . The precision required for shaping the conic chamfer using the developed device within the range χ=0-1.5°is approximately ±3 % and was determined theo-retically and experimentally.
Workpiece material
Rings made from Inconel® alloy 600, whose characteristics are presented in Table 4 , were ground.
Inconel® alloy 600 belongs to the group of nickel-based alloys, which are classed as hard-to-cut because of:
-High mechanical strength and hardness, which contributes to the mechanical wear of cutting tools -High malleability, which causes creation of smears and material build-up around the cutting tool edges -Low heat conductivity, which is the cause of temperature increase in the machining zone, which contributes to the wear of the cutting edges -Alloy components occurring in the material structure, which are abrasives and accelerate the abrasive wear of the blade -Hardening during machining Inconel® alloy 600 is a nickel-chromium alloy with high resistance to oxidation at high temperatures, good resistance to stress corrosion cracking in a chloride ion environment, and a similarly good resistance to corrosion in a caustic soda environment. This alloy is used in the production of industrial furnace parts, the construction of devices in the food and chemical industries, and the production of nuclear power plants components [15, 16] .
Results and discussion
The experimental tests on the traverse internal cylindrical grinding process showed that the microstructure and the phase composition of the applied bonds have significant influence Conic chamfer parameters Chamfer angle: χ=0.36-0.54°, chamfer width: b=16 mm on the parameters that describe the machined surface roughness ( Fig. 5a-d) , as well as on the grinding power (Fig. 5e) .
In order to present the research results obtained in a more transparent manner, Figs. 6 and 7 are diagrams depicting the average values of the results obtained during grinding with grinding wheels with bond types A and B.
For the adopted research conditions, increasing the bond volume in the grinding wheel A from 11.5 to 13.5 % contributed to an improvement of the surface quality, from Ra=0.61 to Ra=0.51 μm. The same level of increase in bond volume in the grinding wheel B is of lesser importance (Figs. 5, 6, and 7) . This might suggest the influence of a greater bond volume in microcutting with grinding wheel A due to the higher volume of gahnite crystalline phase 30. ). Moreover, the gahnite phase is maintained to a far greater degree in the amorphous remains because of the advantageous correlation of the coefficients of gahnite thermal expansion and the glassy residual (α gahnite > α glassy residual , Table 1 ), as a result of which tangential positive stress appears. Such a distribution of stresses is advantageous from the point of view of increasing the capability of the analyzed system to work in self-sharpening conditions. As a result of bond strengthening, bond microapexes might appear in the area of contact between the grinding wheel and the workpiece, which is proven by clear microchipping imprints, as well as further evidence of plastic deformation of the bond upon the grinding wheel working surface (Fig. 8) . With greater bond volume in the grinding wheel, there are more abraded grain apexes and bond bridges on the GWAS, which cause an increase in the grinding power as a result of the increased friction.
In grinding wheel B, the willemite thermal conductivity indicator is lower than in the glassy residual (α willemite < α glassy residual , Table 1 ), as a result of which tangential negative stresses are created that promote the creation of undesirable radial cracks. The higher degree of bond A crystallinity and the isotropic characteristics of the mechanical properties of this microstructure-which results from the presence of phase with regular net (ZnAl 2 O 4 ) Fd3M, as compared to the willemite trigonite net R3(−)-combined with a lower volume of amorphous remains, increases the system's potential to wear out in microscale, which further influences the values of the parameters that describe the machine surface roughness (Figs. 5a-d, 6a-d, and 7a-d) . This is one of the reasons why, despite an increase of the cutting depth, lower cutting forcesas compared to the bond with willemite phase-are observed for each case of an even increase in the percentage volume of bonds in both grinding wheels. Fig. 4 Device for precision shaping the conic chamfer on the grinding wheel active surface Table 4 The characteristics of workpiece material [15, 16] The energetic conditions in the grinding process can be greatly influenced by the bonds thermal properties, which depend upon the thermal conductivity coefficient of the generated crystalline phases in relation to the amorphous remains. Admittedly, willemite, which is the main crystalline phase in bond B, has a high thermal conductivity coefficient ), but the relatively low amount of it within the bond (20.25 %) deprives it of its significant influence on improving the bond's thermal conductivity. In bond A, the volume of the crystalline phases is higher (40.65 %), while the gahnite phase is 30.26 % and the willemite phase is 10.39 %. It is therefore possible for the spinel phase microcrystals ZnAl 2 O 4 to come into contact with each other (Fig. 8) , and despite the lower coefficient of gahnite thermal conductivity (20-25 W⋅m
), the bond's capability to conduct heat may increase.
The effect of an advantageous influence of Al 2 O 3 inclusion on the glassy matrix thermal conductivity was examined using ceramic composites [55] . The matrix conductivity coefficient, depending on the volume of Al 2 O 3 , was 2. Fig. 1 ), which involves beginning the bond plastic deformation in the area of contact between the grinding wheel and the workpiece. As a result, the phenomenon of abrasive wear is intensified and the grinding power is increased (Figs. 5e, 6e, and 7e). For both types of bonds, the increase of bond volume causes a gradual increase of the power and machined surface roughness parameters (Figs. 5, 6 , and 7). Grinding wheels with bond A make it possible to obtain more advantageous effects from the grinding process than with grinding wheel B, both in terms of the obtained surface roughness, as well as the grinding power. The advantage of this bond results mainly from its potential for microchipping, which is the consequence of its fine-crystalline gahnite structure, which are pretty similar to fused alumina microcrystals in terms of size (0.5-1.0 μm, Fig. 9 ), and which makes it possible for the wear rate of grains and bond to become approximate in the grinding process.
It is therefore highly probable that the process of grinding with grinding wheel A involves a greater involvement of the mechanical wear mechanism, while in the process of grinding with grinding wheel B, the abrasive wear mechanism is the dominant one.
Conclusions
The research carried out using a series of six grinding wheels, which differ in microstructure and volume of microcrystalline bonds, demonstrated the considerable influence of these factors on the course and results of internal cylindrical grinding in Inconel® alloy 600 with grinding wheels made from microcrystalline sintered corundum grains.
Presented below are the most important conclusions drawn from the test results obtained:
-More advantageous grinding results were obtained when using the grinding wheel with glass-crystalline bond, which had an ultra-fine dispersive gahnite phase (bond type A). Both the approximate hardness of the bond crystalline phase (gahnite) and the abrasive grain hardness, as well as their thermal conductivity coefficients and favorable coordination of the coefficients of the thermal extension of phase compounds on the A bond grinding wheel, have a considerable influence on the phenomena occurring within the cutting zone. The factors enumerated make it possible for the grinding process to be carried out with lower power demands and with more strength wear as compared to the grinding wheel with the glass-crystalline bond type B. -Taking into consideration the relatively high level of bond B amorphism, it can be concluded that the best ceramic bonds for the creation of grinding wheels from aluminum oxide-designed for machining nickel-based alloys-are the glass-crystalline bonds Fig. 9 Microstructure of the wheels components: a microcrystalline sintered corundum; b bond type A; c bond type B with a higher level of crystallinity. As a result of using such bonds, it is possible to delay the bond's plastic deformation.
